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binding domains (19, 20) . In fact, genetic studies of human defects in biomineralization and analysis of transgenic mice have identified DMP1 and DSPP as important mediators of mineralization in bone and dentin (21) (22) (23) , although the mechanisms of action of these proteins in vivo remain to be clearly defined. The carboxy-terminal domain of DSPP, designated the dentin phosphoprotein (DPP), and the carboxy-terminal domain of and DMP1, have both been shown to stimulate hydroxyapatite crystal formation in vitro (24, 25) . Thus, it has been proposed that in vivo proteolytic processing of full-length DSPP and DMP1 occurs, to generate functional carboxy-terminal cleavage fragments that can be found in the extracts of mineralized tissue (26, 27) . While the proteinase(s) responsible for the specific cleavage of these proteins have not been identified, several predicted proteolytic sites have been mapped based on sequencing of DSPP and DMP1 fragments extracted from dentin and bone, respectively. The amino acid sequence at the amino terminus of DPP from rat dentin was identified as Asp-Asp-Pro, suggesting that the major site of DSPP processing occurs between Gly 447 and Asp 448 (26) . Based on analysis of DMP1-derived cleavage products extracted from rat bone, several processing sites were predicted. However, only one of these sites, between Ser 196 and Asp 197 , occurs 6
In this study, we have generated recombinant DMP1 and tested it as a possible substrate for BMP-1/Tolloid-like proteinases. We demonstrate that BMP-1 cleaves mouse DMP1 to generate fragments similar to those previously isolated from mature rat bone. Among the BMP-1/Tolloid-like proteinases, BMP-1, mammalian Tolloid (mTLD), and mammalian Tolloid-like 1 (mTLL-1) all have similar activities in generating DMP1
fragments of the expected sizes, while mammalian Tolloid-like 2 (mTLL-2) has lesser activity in generating these fragments. Consistent with possible roles for the BMP-1/Tolloid-like proteinases in the physiological processing of DMP1, the NH 2 -terminal sequences of the cleavage products generated by BMP-1 matched those predicted from processing at the most well conserved site within DMP1. Moreover, using fibroblasts derived from Bmp1/Tll1 double null mouse embryos, we demonstrate that these proteinases are likely to contribute to DMP1 proteolysis in vivo. We provide evolutionary evidence that sequences adjacent to this particular processing site may be critical for maintenance of a functional DMP1 gene, and discuss implications of the BMP1/Tolloid-like proteinases as functional mediators of biomineralization of bone and dentin ECM in vivo. (approximately 10 days), individual clones were isolated with cloning cylinders and amplified under selection in complete growth medium containing 200 µg/ml zeocin, and individual clones were processed for protein production as described below.
Protein Production -Growth medium was removed from cell cultures, cell layers were washed twice with phosphate buffered saline (PBS), and cells were incubated 15 min in serum-free DMEM at 37°C. Cell layers were washed with serum-free DMEM, and replaced with serum-free DMEM containing 1 µg/ml tetracycline and 40 µg/ml soybean trypsin inhibitor (SBTI) (Sigma). After 24 h, conditioned medium was harvested, cell debris was removed by centrifugation, and protease inhibitors were added to final concentrations of 1 mM phenylmethylsulfonyl fluo ride (PMSF), 1 mM Nethlylmaleimide (NEM), 1 mM p-aminobenzoic acid (PABA), 10 µg/ml leupeptin, and 5 mM EDTA (Sigma). Samples were stored at -80°C until further use.
Immunoprecipitation-To determine if the expressed DMP1 was intact, 1 ml conditioned medium from the DMP1 expression vector-transfected 293 T-Rex cells was incubated with 20 µl of FLAG BioM2 matrix (Sigma) for 2 h at 4° C. The matrix was pelleted by centrifugation, washed 3 times with buffer A (50 mM Tris-HCl pH 7.5, 150
mM NaCl), and proteins were eluted with 50 µl buffer A containing 1 mg/ml Flag peptide (Sigma). SDS-PAGE 10x sample buffer containing 2-mercaptoethanol was added to eluted proteins, and the samples were boiled prior to SDS-PAGE.
Western Blot Analysis -Samples were subjected to reducing SDS-PAGE on 4-15% acrylamide gradient resolving gels, and electrotransferred to either Immobilon-P PVDF (Millipore) (for anti-Flag, anti-HA, or anti-PCPE1 immunoblots) or Trans-Blot nitrocellulose (Bio-Rad) (for anti-DMP1 immunoblot) membranes. Immunoblots were performed as previously described using antibodies specific for PCPE1 (28), HA or Flag epitopes (4), or rabbit polyclonal antiserum specific for DMP1 (29) . For detection of DMP1, membranes were blocked in phosphate buffered saline containing 0.1% Tween-20 (TPBS) and 5% nonfat dry milk for 4 h., followed by incubation with a 1:1000 dilution of primary antibody in TPBS containing 5% milk for 12 h. Blots were washed six times for 10 min in TPBS, and probed with a 1:30000 dilution of goat anti rabbit IgG/horseradish peroxidase conjugate (Bio-Rad) for 1 h in TPBS/5% milk. The blots were washed six times for 10 min each in TPBS, and immunoreactive proteins were revealed using Supersignal peroxidase substrate (Pierce).
Purification of Recombinant DMP1 -Conditioned media from transfected cells were applied to a column of 2 ml of settled DEAE-cellulose (DE52, Whatman), washed with 50 mM Tris-HCl pH 7.5, and eluted with a gradient of 0-500 mM NaCl in 50 mM Mouse Embryo Fibroblasts (MEF's) -MEF's were isolated from 13.5-days postconception embryos as described (6) . Cells were maintained in growth medium 11 consisting of DMEM, 1 mM L-glutamine, 10 IU/ml penicillin/streptomycin, and 10%
FBS, and were immortalized by routine serial passage. To detect endogenous DMP1 protein in MEF's, wild-type or Bmp1/Tll1 doubly null cells at 80% confluence were treated with 10 nM dexamethasone, 10 mM β-glycerophosphate, and 100 µg/ml ascorbic acid in growth medium containing DMEM, 1 mM L-glutamine, 10 IU/mL penicillin/streptomycin, and 10% FBS for a period of 12 days. Cell layers were washed twice with PBS, and incubated in serum-free DMEM for 15 min at 37°C. Media were replaced with serum-free DMEM containing 40 µg/ml SBTI, 10 nM dexamethasone, 10 mM β-glycerophosphate, and 100 µg/ml ascorbic acid. Media were harvested at 48 h into protease inhibitors, cell debris was removed by centrifugation, and media were concentrated by ethanol precipitation as previously described (6) . cleavage site and a stretch of 38 residues surrounding the DSPP cleavage site which has the highest cross-species conservation of sequences when DSPP molecules are compared (Fig. 1A ). This conservation of sequences suggested that these sites in particular might be of functional importance, and thus represent true sites of in vivo proteolytic processing, rather than artifactual cleavage which might occur during extraction from tissues.
The amino acid sequences surrounding the conserved predicted cleavage sites of DMP1 and DSPP exhibit similarities to the amino acid sequences surrounding cleavage sites used by the BMP-1/Tolloid-like proteinases in their known substrates, including procollagens I-III, V and VII; the proteoglycan probiglycan, prolysyl oxidase, laminin 5, and Chordin (Fig 1B) . In particular, the presence of aspartate residues at P1' positions, These similarities suggested that BMP-1 or related proteinases might have the requisite specificity to process DSPP and DMP1 at the conserved predicted sites.
Expression and Characterization of Recombinant Dentin Matrix Protein-1-
Previous studies which have reported the isolation of DSPP and DMP1 from tissues have yielded only fragments of these proteins, complicating the study of their proteolytic processing and identification of the responsible proteinase(s). In order to examine the ability of BMP-1/Tolloid-like proteinases to generate physiological forms of DMP1 from the full-length protein, an expression plasmid was generated for the production of fulllength DMP1, differing from native murine DMP1 only by replacement of the native signal peptide with the BM40 signal peptide (for optimal secretion), and by addition of with both Flag and HA-specific antibodies ( Fig. 2A) , whereas immunoblots failed to detect any reactive protein species in conditioned medium from cells transfected with the empty pcDNA4TO vector. The molecular weight predicted by the murine DMP1 amino acid sequence, minus signal peptide sequences, is 52,225. However, although recombinant DMP1 produced in E. coli was reported to be ~90 kDa (28), DMP1 from mammalian tissues is both glycosylated and heavily phosphorylated, and biochemical estimates of the apparent molecular mass of post-translationally modified DMP1 from tissues have ranged from 150 -200 kDa (29, 30) . To further characterize the recombinant 14 DMP1 in the current study, DMP1 was immunoprecipitated from the conditioned media of transfected 293 T-rex cells using Flag-specific antibody, and then probed on immunoblots with HA-specific antibody. As can be seen (Fig. 2B) , anti-Flag antibody precipitated ~85-90 kDa DMP1 that was recognized on immunoblots by HA-specific antibody. Thus, at least some of the ~85-90 kDa DMP1 protein is full-length, retaining both NH 2 -and COOH-termini, and it is highly unlikely that any of the ~85-90 kDa forms represent a mix of DMP1 fragments of similar size, some of which retain NH 2 -termini and some of which retain COOH-termini. As can be observed in Fig. 2B , the recombinant DMP1 sometimes migrated as a doublet, the nature of which is further characterized below.
Despite the persistence of the Flag epitope, recombinant DMP1 bound poorly to anti-Flag affinity matrix (data not shown). However, as in previous studies which have employed ion exchange chromatography for the enrichment of dentin phosphoproteins (26, 27) , DEAE-cellulose allowed for the enrichment and concentration of recombinant DMP1, detectable by staining with Stains-All (Fig. 2C) . As the major product of this enrichment corresponded to intact DMP1, this material was employed for subsequent enzyme cleavage assays.
BMP-1/Tolloid-like Proteinases Process DMP1 at the Conserved Predicted
Physiological Site -To determine whether the mammalian BMP-1/Tolloid-like proteinases are capable of processing DMP1, purified recombinant DMP1 was incubated alone or with purified recombinant BMP- (Fig. 3A) . These sizes are similar to the previously observed 57 and 37 kDa forms, isolated from rat dentin, which correspond to the COOH-and NH 2 -terminal fragments of DMP1, respectively (27) .
To determine which of the mammalian BMP-1/Tolloid-like proteinases might be capable of cleaving DMP1, cleavage assays were performed by separately incubating recombinant DMP1 with equimolar amounts of each of the four mammalian members of this family of metalloproteinases: BMP-1, mTLD, mTLL-1, and mTLL-2. Under the assay conditions used, all four enzymes were capable of generating DMP1 cleavage fragments of identical size, with no evidence of additional cleavages or non-specific degradation by any of the proteinases (Fig. 3B) . The 10% acrylamide SDS-PAGE gel of (4, 11, (16) (17) (18) . In the present study, mTLL-2 is seen to have lesser activity against DMP1 than do BMP-1, mTLD, or mTLL-1 (Fig. 3B) .
To identify the site(s) at which BMP-1 cleaves the DMP1 precursor protein, a scaled up cleavage reaction was performed in order to generate sufficient DMP1-derived fragments to allow for NH 2 -terminal sequencing of the 53 and 51 kDa forms. Edman degradation of the 53 kDa and 51 kDa products yielded the amino acid sequences DDPESTRSDR and DDPESTRSD, respectively (Fig. 3C) analysis of DMP1 cleavage products extracted from bone, and is the only one of the four sites located within DMP1 sequences strictly conserved across species (27) . and were able to detect a doublet centered at ~150 kDa in conditioned medium from Bmp1/Tll1 doubly null MEF's that reacted strongly with DMP1-specific antibody (Fig 4) .
Comparison of DMP1 Processing in Wild Type and Bmp1/Tll1 null MEF's-
In contrast, conditioned media from wild type cells showed dramatically reduced or absent levels of DMP1 protein, although immunoblots of control proteins showed similar protein loading in the two lanes (Fig. 4) , as did staining for total proteins (not shown).
These observations suggest that one or more of the BMP-/Tolloid-like proteinases contribute to proteolytic processing of DMP1 in vivo, or at least in cultured MEF's producing mineralized ECM. DMP1 sequences across species are quite divergent, and comparisons among a variety of species suggest that the DMP1 gene is one of the most rapidly evolving genes examined to date (32) (33) (34) . However, one of the most conserved regions in the DMP1
protein is localized at the cleavage site demonstrated in the current study to be utilized by the BMP-1/Tolloid-like proteinases (Fig. 5, asterisk) . In fact, of the four sites in the DMP1 amino acid sequence predicted to be in vivo cleavage sites, based on the NH 2 -terminal sequences of DMP1 fragments extracted from bone (27) , the site cleaved by BMP-1-like proteinases is the only one that occurs within sequences strictly conserved across species (Fig. 5) . Thus, based on the above observations, it is tempting to speculate that necessary cleavage of the DMP1 protein by the BMP-1/Tolloid-like proteinases has exerted selective pressure on the evolution of DMP1. Closer inspectio n of residues adjacent to the scissile bond supports this idea, as residues at P3, P2, P1', and P2'
positions are invariant in all species examined (Fig. 5 , amino acids 210, 211, 213, and 214, respectively), while at the P1 position, eutherian mammals have an invariant serine residue (Fig. 1A) . Even in evolutionarily more distant animals, which lack a P1 serine residue, such as birds, reptiles and marsupials (33) this residue is replaced by glycine, an amino acid found at the P1 site of scissile bonds in known BMP-1/Tolloid-like substrates such as prolysyl oxidase, the pro-α1(III) procollagen chain, and the laminin 5 γ2 chain (Fig. 1A) . Taken together, these data suggest that while much of the DMP1 sequence is highly mutable, selective pressure has maintained a high level of sequence conservation around the BMP-1 cleavage site within DMP1, underscoring the potential importance of DMP1 cleavage by the BMP-1/Tolloid-like proteinases.
In addition to the above observations, DMP1 processing is shown to be compromised in MEF cultures derived from Bmp1/Tll1 null embryos, offering further evidence that products of these two genes are likely to contribute to proteolytic processing of DMP1 in vivo. The BMP-1/Tolloid-like proteinases appear to play central roles in the formation of mineralized tissues, via biosynthetic processing of type I collagen, biglycan, and lysyl oxidase; and enhancement of BMP signaling, all of which are involved in bone growth and dentin formation. Perhaps these proteinases also affect mineralized tissues via the additional, novel role as mediators of processing of DMP1.
Although the functional significance of proteolytic processing of DMP1 and DSPP remains largely unknown, it has been speculated that the processing of these proteins to produce specific proteolytic products represents biosynthetic events (26, 27) .
In vitro, we have shown that the BMP-1/Tolloid-like proteinases are capable of processing DMP1 into discrete cleavage fragments analogous to those extracted from demineralized bone. In contrast, although processing of DMP1 appeared to differ in cultures of wild type and Bmp1/Tll1 doubly null MEF's, with detection of high molecular weight DMP1 in Bmp1/Tll1 doubly null MEF media that was essentially absent in wild type MEF media, we were unable to detect discrete cleavage fragments in either wild type or doubly null media samples. Perhaps DMP1 cleavage products are stabilized in vivo by incorporation into insoluble matrix, while in MEF cultures, where neither high molecular DMP1 nor DMP1 cleavage products were detectable in cell layer ECM (data not shown), such cleavage products are susceptible to further, nonspecific proteolysis. It is also possible that such fragments are stabilized in vivo by association with other molecules not available in MEF cultures.
This study describes for the first time the expression of recombinant DMP1 via eukaryotic cells. Previous studies examining DMP1 have reported variable molecular weights for the DMP1 protein depending on the source, ranging from 90 kDa for E. coliexpressed recombinant rat DMP1 (29) to >150 kDa for endogenous DMP1 isolated from rat dentin (30) . We suggest that the 293 T-rex cells used in this study do not have the appropriate cellular machinery to synthesize DMP1 with the extensive posttranslational modifications predicted for DMP1 (27, 35) , since the migration of the ~85-90 kDa recombinant protein used here is similar to that seen for E.coli expressed DMP1 (25) . In Bone and dentin contain mineralized matrices whose main organic components are type I collagen and noncollagenous proteins of the SIBLING family such as DMP1
and DSPP. This study demonstrates proteolytic processing of DMP1 by the BMP-1/Tolloid-like proteinases in vitro and provides evidence for this activity in vivo.
Previous biochemical studies have sho wn that the COOH-terminal domains of both DMP1 and DSPP can nucleate hydroxyapatite crystals in vitro and initiate calcium mineralization (24, 25) , and it is possible that excision of such COOH-domains may contribute to the regulation of mineralization in vivo. DSPP is cleaved at a physiological site similar to that observed for DMP1 (Fig. 1B) , thus it may also be processed by BMP-1/Tolloid-like proteinases. Consistent with the possibility that BMP-1/Tolloid-like proteinases process DMP1 and DSPP in vivo is evidence that these three types of protein are similarly localized within tissues. BMP-1 sequences were originally isolated from demineralized bone extracts (37), while, although originally characterized in dentin, proteolytic fragments of DMP1 and DSPP have been recovered from demineralized bone extracts as well (27, 38) . Additionally, BMP-1/Tolloid-like proteinases (28) It has been suggested (27) that the cell membrane protease PHEX might contribute to processing of DMP1, as PHEX is expressed at high levels in bones and teeth and has a demonstrated preference for cleavage sites with aspartates in the P1' position (42, 43) . Although we do not exclude the possibility that PHEX is involved in DMP1
processing, it should be noted that PHEX is thought likely to cleave oligopeptide, rather than protein substrates (43, 44) , and that PHEX does not cleave the matrix extracellular phosphoglycoprotein MEPE (44) , which has been noted to have homology to DMP1 (43).
Induction of bone and dentin formation are mediated in part by the actions of the TGF-β-like BMP's (45,46), which are themselves activated by BMP-1/Tolloid-like proteinases through inactivation of at least one known BMP antagonist, Chordin (4, 47, 48) . Additionally, it is generally accepted that a functional collagenous matrix is important for normal mineralization of bone and dentin, as is suggested by analysis of bone and dentin formation in oim mutant mice (49, 50) and in the clinical presentation of bone and dentin defects in patients with osteogenesis imperfecta (51), a genetic disorder associated with type I collagen gene mutations. Although further study is required, it is tempting to speculate that the BMP-1/Tolloid-like proteinases, as physiological processing enzymes for both structural and regulatory components of ECM, may coordinate BMP-mediated growth factor signaling with ECM biosynthesis and with mineralization through its diverse activities against a variety of biological substrates. In this capacity, the BMP-1/Tolloid-like proteinases could be of critical importance in the correct assembly of specialized hard tissues such as bone and dentin. 
